Chitinase D (designated as Pc-ChiD) was found in a hyperthermophilic archaeon, Pyrococcus chitonophagus (previously described as Thermococcus chitonophagus), that was isolated from media containing only chitin as carbon source. Pc-ChiD displays chitinase activity and is thermostable at temperatures up to 95°C, suggesting its potential for industrial use. Pc-ChiD has a secretion signal peptide and two chitin-binding domains (ChBDs) in the N-terminal domain. However, the Cterminal domain shares no sequence similarity with previously identified saccharide-degrading enzymes and does not contain the DXDXE motif conserved in the glycoside hydrolase (GH) 18 family chitinases. To elucidate its overall structure and reaction mechanism, we determined the first crystal structures of Pc-ChiD, both in the ligand-free form and in complexes with substrates. Structure analyses revealed that the C-terminal domain of Pc-ChiD, Pc-ChiD(ΔBD), consists of a third putative substrate-binding domain, which cannot be predicted from the amino acid sequence, and a catalytic domain structurally similar to that found in not the GH18 family but the GH23 family. Based on the similarity with GH23 family chitinase, the catalytic residues of Pc-ChiD were predicted and confirmed by mutagenesis analyses. Moreover, the specific C-terminal 100 residues of Pc-ChiD are important to fix the putative substrate-binding domain next to the catalytic domain, contributing to the structure stability as well as the long chitin chain binding. Our findings reveal the structure of a unique archaeal chitinase that is distinct from previously known members of the GH23 family.
Introduction
Chitin is a long-chain polymer of β-linked N-acetylglucosamine (GlcNAc), and has a broad distribution in nature-occurring in, for example, shells of crustacean, shellfish and insects, and cell walls of fungi (Muzzarelli 1977) . The global biological production of chitin is prodigious, an estimated one hundred billion tons per year, second only to that of cellulose. Chitin-derived products are useful in many industries, including biomedicine, clothes, cosmetics and food (Muzzarelli 1997 (Muzzarelli , 1999 Kim and Rajapakse 2005) . However, chitin is very difficult to degrade because of its rigid intermolecular forces. Chitinase (EC 3.2.1.14) catalyzes the hydrolysis of glycosidic bonds in chitin (Flach et al. 1992) , and has lately attracted considerable attention due to its safe and precise degradation ability.
Pyrococcus chitonophagus (previously designated Thermococcus chitonophagus) is a hyperthermophilic archaeon isolated from media containing only chitin as a carbon source (Huber et al. 1995) . It is the first hyperthermophile reported to grow in such media and displays high chitin-assimilation (degradation) ability. Genome analysis revealed that P. chitonophagus has at least two glycoside hydrolase (GH) 18-family chitinase genes (chiA/Chiton_1717 and chiC/ Chiton_1716). The GH family is classified in the CAZy (Carbohydrate-Active enZymes) database based on amino acid sequence homology-that is, based on the closeness of the evolutionary relationships (Cantarel et al. 2009 ). It also possesses an additional gene (chiD/Chiton_1119) that encodes a protein with putative chitin-binding domains (ChBDs) (Horiuchi et al. 2016; Papadimitriou et al. 2016) . The protein, chitinase D of P. chitonophagus (Pc-ChiD; 805 residues, 91 kDa), has a secretion signal peptide and two regions with high sequence identity with the ChBD of chitinase A from T. kodakarensis (Tanaka et al. 1999) in the Nterminal domain (Figure 1 ). On the other hand, calculation using BLAST (Altschul et al. 1990 ) and the dbCAN server (database for automated carbohydrate-active enzyme annotation) (Yin et al. 2012) revealed that the C-terminal domain shares no sequence similarity with previously known saccharide-degrading enzymes, and does not contain the DXDXE motif conserved in the chitinases of the GH18 family (Tews et al. 1997; Brameld and Goddard 1998) . A truncated variant of the protein, Pc-ChiD(ΔBD), consisting of only the C-terminal domain (Ala321-Pro805; Figure 1 ) has been enzymatically characterized (Horiuchi et al. 2016) . The experiments revealed that Pc-ChiD(ΔBD) exhibits chitinase activities hydrolyzing GlcNAc oligomers such as (GlcNAc) 4 , (GlcNAc) 5 and (GlcNAc) 6 , as well as swollen chitin. Moreover, Pc-ChiD(ΔBD) is a very thermostable enzyme, displaying a half-life of 40 min at 90°C. However, the active site residues of Pc-ChiD have not yet been clarified and its enzymatic reaction mechanism also remains unclear.
To investigate its overall structure and catalytic mechanism, we determined the first crystal structures of Pc-ChiD, both in its ligand-free form and in complexes with substrates, respectively. Structure analyses revealed that this enzyme contains a putative third substrate-binding domain, which cannot be predicted from the amino acid sequence, and a catalytic domain structurally similar to the GH23 family chitinase. The structures also clarified the ligand-binding mode, allowing us to predict the catalytic residues and the reaction mechanism of Pc-ChiD. Moreover, the unique C-terminal extension of Pc-ChiD is important for fixing the putative substrate-binding domain next to the catalytic domain, contributing to the structural stability and the long chitin chain binding together with the putative substrate-binding domain.
Results and Discussion
Overall structure of Pc-ChiD
We crystallized Pc-ChiD(ΔBD), a truncated form of Pc-ChiD which, based on its primary structure, consists only of a putative chitinase catalytic domain (Ala321-Pro805, Figure 1 ) and was previously shown to exhibit chitinase activity (Horiuchi et al. 2016) . Using this truncated form, we successfully obtained crystals in a ligand-free form that diffracted X-rays to 3.7 Å resolution, and also in complex with substrate (GlcNAc) 3 that diffracted to 2.65 Å resolution. Moreover, when the crystallization temperature in the presence of the substrate was changed from 20°C to 35°C, new substrate-complex crystals with a different shape were obtained. Diffraction experiments revealed that the maximum resolution of the new crystals was improved to 1.95 Å resolution and the space group was changed from P2 1 2 1 2 1 to P6 3 . Finally, we determined three types of Pc-ChiD crystal structures, one ligand-free form and two substrate-complex forms in P6 3 and P2 1 2 1 2 1 , respectively. Final statistics for the datasets are shown in Table I .
Pc-ChiD(ΔBD) is composed of two domains: a putative substratebinding domain (residues 321-423) and a catalytic domain (residues 424-805) (Figure 2A ). The putative substrate-binding domain contains two β-sheets (sheet 1 containing β1, β2, β4 and β8, and sheet 2 containing β3, β5, β6, β7 and β9) and displays the same structure as ChBDs previously reported from other chitinases (Nakamura et al. 2008; Hanazono et al. 2016) . The GH18 family chitinases, ChiA and ChiB from Serratia marcescens, also have similar carbohydratebinding module domains in the N-and C-terminal tails, respectively (Perrakis et al. 1994; van Aalten et al. 2000) . The putative substratebinding domain was not predicted from the amino acid sequence, and is probably the third ChBD in this protein, because a BLAST search had already revealed the presence of two ChBDs in the N-terminal domain of Pc-ChiD (Horiuchi et al. 2016) . On the other hand, the catalytic domain has 16 α-helices, two 3 10 -helices and two β-strands. It shares no sequence similarity with previously known saccharidedegrading enzymes as described above. However, based on the structure, a Dali server (Holm and Rosenstrom 2010) search revealed that this domain is structurally similar to enzymes in the GH23 family (Helland et al. 2009; Arimori et al. 2013; Artola-Recolons et al. 2014) . The GH23 family consists mainly of goose-type lysozymes and lytic transglycosylases, both acting on β-1,4-linkages, and several crystal structures have been reported. These results support the idea that Pc-ChiD has the ability to cleave β-1,4-linkages (the active site is discussed in detail below).
The three determined structures of Pc-ChiD are well superposed, resulting in a small root mean square distance (RMSD) of 0.44-0.60 Å for 485 Cα atoms, in spite of their belonging to different space groups ( Figure 2B ). This result suggests that the relative position between the putative substrate-binding domain and the catalytic domain is rigid. The C-terminal helix α16 (Ile711-Pro805) is positioned between the putative substrate-binding domain and the catalytic domain ( Figure  2C ) and may play a role in the fixation of the putative substratebinding domain next to the catalytic domain. Sequence alignment based on Dali server results clarified that all top 100 similar structures (Z-scores ranging from 8.5 to 11.1) lack such a C-terminal extension (especially after Tyr392) (Figure 3 ). This unique C-terminal region of Pc-ChiD forms many hydrogen bonds, salt bridges and hydrophobic interactions with both domains (Supplementary data, Figure S1 ). These interactions appear to fix the putative substrate-binding domain to the catalytic domain. This rigid property may provide an advantage for the thermostability of Pc-ChiD, which exhibits enzymatic activity even at 95°C (Horiuchi et al. 2016) .
Comparison with GH23 family chitinase
The superposition of Pc-ChiD (the substrate-complex form in P6 3 ) on chitinase C from Ralstonia sp. A-471 (Ra-ChiC; the complex with (GlcNAc) 2 ; PDB code 3W6C (Arimori et al. 2013) ) is shown in Figure 4A . Ra-ChiC is the only chitinase in the GH23 family whose structure has been reported (Arimori et al. 2013) . It has 252 amino acid residues, consisting of a signal peptide, one ChBD and a catalytic domain. The crystal structure of Ra-ChiC contains only the catalytic domain, because the full-length Ra-ChiC was difficult to crystallize (Okazaki et al. 2011) . This result suggests the importance of the C-terminal extension for the putative substrate-binding domain fixation in Pc-ChiD because Ra-ChiC does not have this region (Figure 3 ) and the mobility of ChBD may prevent the fulllength Ra-ChiC from crystallizing. The catalytic domain of Ra-ChiC has 153 residues and shares only 15% sequence identity with that of Pc-ChiD, as calculated by the Dali server, and its Z-score is 8.7%. The lengths of these two catalytic domains are quite different and their overall structures are not very similar ( Figure 4A ). However, the six α-helices around the active site core (α2, α3, α6, α8, α9 and α12) are well superposed.
The ligand-binding sites of Pc-ChiD are almost the same as those of Ra-ChiC ( Figure 4B and C), but the binding modes in the two PcChiD structures (P6 3 and P2 1 2 1 2 1 forms) are different. (GlcNAc) 3 was used for the co-crystallization experiment, but the observed ligands were (GlcNAc) 2 (P6 3 form) and (GlcNAc) 5 (P2 1 2 1 2 1 form), respectively. In the P6 3 structure, (GlcNAc) 2 binds to the +1 and +2 subsites ( Figure 4B and Supplementary data, Figure S2 ). The Ligplot calculation (Wallace et al. 1995) shows that (GlcNAc) 2 is hydrogenbonded to Lys531 and Glu532 directly, and to Asn533, Trp534, Pro559, Gln561, Glu572 and Asn656 via water molecules ( Figure 5 ). Arg657 in the neighboring molecule also interacts with this ligand. On the other hand, the P2 1 2 1 2 1 structure contains (GlcNAc) 5 bound to the −3, −2, −1, +1 and +2 subsites ( Figure 4C ; Supplementary data, Figure S2 ). (GlcNAc) 5 is hydrogen-bonded directly to Lys531, Glu532, Glu572, Asn575, Tyr655 and Gly660 ( Figure 5 ). (GlcNAc) 2 may be generated from (GlcNAc) 3 . Our previous report showed that Pc-ChiD hydrolyzes GlcNAc oligomers longer than (GlcNAc) 4 (Horiuchi et al. 2016 ), but it may also cleave (GlcNAc) 3 during the long period of time required for crystallization. Another possibility is that one sugar of (GlcNAc) 3 may simply not be fixed and therefore not observed. In the case of (GlcNAc) 5 , it may be formed from a transglycosylation reaction: two (GlcNAc) 3 molecules may be converted into (GlcNAc) 5 + GlcNAc. There is also the possibility that the electron density of (GlcNAc) 5 consists of two (GlcNAc) 3 . One sugar may not be observed or the two ligands may overlap (for example, one might from −3 to −1 and the other from −1 to +2). The difference in the ligand-binding mode between these structures is due to the crystal packing. In the P6 3 structure, the active sites of two molecules in the asymmetric unit face each Values for the outermost resolution shell in parentheses.
where I i (hkl) is the ith intensity measurement of reflection hkl, and <I(hkl)> is the mean intensity for this reflection.
where N is the multiplicity.
d CC 1/2 : The correlation coefficient between average intensities of random half datasets at the high-resolution shell.
e R = Σ hkl ||F obs | − |F calc ||/Σ hkl |F obs |. R free is the same as R but for a 5% subset of all reflections that were never used in crystallographic refinement.
other (Supplementary data, Figure S3A ), whereas those of the P2 1 2 1 2 1 structure are exposed to the solvent region (Supplementary data, Figure S3B ). Superposition of these structures reveals that (GlcNAc) 5 in the P2 1 2 1 2 1 structure crashes into the neighboring molecule in the P6 3 structure (Supplementary data, Figure S3C ). This steric hindrance may be the reason that the P6 3 structure binds with (GlcNAc) 2 rather than with longer ligands, but this selectivity occurs only in crystals. Fortunately, we obtained ligand-complex structures binding to both positive and negative subsites and clarified that the ligand-binding mode is similar to that of Ra-ChiC of the GH23 family. Our previous research revealed that Pc-ChiD is an exo-type chitinase that recognizes the reducing end of chitin chains and releases (GlcNAc) 2 or (GlcNAc) 3 (Horiuchi et al. 2016) , but the active site pocket of Pc-ChiD is quite shallow as in the endo-type chitinases (Vaaje-Kolstad et al. 2013) . The reaction of Pc-ChiD with (GlcNAc) 6 produces (GlcNAc) 2 , (GlcNAc) 3 and (GlcNAc) 4 , indicating that this enzyme produces (GlcNAc) 2 + (GlcNAc) 4 or (GlcNAc) 3 + (GlcNAc) 3 (Horiuchi et al. 2016 ). This reaction mode can be explained by the number of sugar-binding subsites as in the case of Ra-ChiC. In Pc-ChiD, five sugar moieties of (GlcNAc) 6 can bind to the sugar subsites (Supplementary data, Figure S4A ), and when the remaining one sugar is located next to the −3 position, it produces (GlcNAc) 2 and (GlcNAc) 4 (Supplementary data, Figure S5A ). If the remaining sugar is located next to the +2 position, it produces two molecules of (GlcNAc) 3 (Supplementary data, Figure S5B ). Similar to the case of Pc-ChiD, Ra-ChiC contains five sugar subsites (Supplementary data, Figure S4B ) (Arimori et al. 2013 ) and it produces almost the same concentrations of (GlcNAc) 2 + (GlcNAc) 4 or (GlcNAc) 3 + (GlcNAc) 3 from (GlcNAc) 6 (Ueda et al. 2009 ). On the other hand, the GH23 family lysozyme (PDB code 3GXR (Helland et al. 2009 )) possesses six sugar subsites (from −3 to +3, Supplementary data, Figure S4C ). (GlcNAc) 6 binds to all subsites and its main reaction product is (GlcNAc) 3 . Pc-ChiD does not possess the +3 subsite because of the steric hindrance of its large side chains (Trp534, Phe544 and Pro559, Supplementary data, Figure S4D ) and therefore, the cleavage patterns of Pc-ChiD and Ra-ChiC can be understood to have similar mechanisms.
Clues to the reaction mechanism
In the reaction mechanism of the GH23 family chitinase, at least two acidic residues are required (Arimori et al. 2013) . One acts as a general base and accepts a proton from a water molecule, activating it, and the other serves as a general acid and donates a proton to the oxygen atom at the cleavage site. Superposition of Pc-ChiD on RaChiC indicates that Glu532 (corresponding to Glu141 in Ra-ChiC) may function as the catalytic acid ( Figure 6 ). In fact, the E532Q mutant lost over 90% of its activity (Table II; see Supplementary data, Figure S6 and Table SI for details). His693, located near Glu532, forms a salt bridge with Asp652 and also has an important role in stabilizing the conformation of the catalytic cleft (Supplementary data, Figure S7 ). This is supported by the decrease in activity of over 90% in the H693S mutant (Table II) . Ra-ChiC does not have the corresponding histidine residue and this type of interaction does not exist. However, it has been observed in several other chitinases and chitosanases (Fukamizo et al. 2000; Ohnishi et al. 2005; Lacombe-Harvey et al. 2009 ). On the other hand, the catalytic base of Ra-ChiC is Asp226, located on a loop region, but Pc-ChiD has no such loop region with a corresponding aspartate (or glutamate) residue ( Figure  6 ). We presumed that other acidic residues in this vicinity, for example Asp566 (corresponding to Asp146 in Ra-ChiC) and Glu572 (Glu162 in Ra-ChiC), may substitute for this catalytic residue. The D566N and E572Q mutations both resulted in large decreases in activity (Table II) , suggesting that these residues are important for the enzymatic activity. The catalytic water could not be identified in this paper. In the P6 3 structure, the −3, −2 and −1 subsites are too near the neighboring molecule (Supplementary data, Figure S2 ). The structure was determined at 2.65 Å resolution and a water molecule was not observed in the active site. The chitinase activity of Pc-ChiD (ΔBD) toward swollen chitin was 44.2 nmol/min/nmol protein, which is equivalent to 7.87 × 10 2 nmol/min/mg protein. These activity levels of Pc-ChiD(ΔBD) are similar to those of Ra-ChiC (toward ethylene glycol chitin; 4.98 × 10 3 nmol/min/mg) (Ueda et al. 2009 ) considering that the activity levels toward ethylene glycol chitin tend to be higher owing to its high solubility. Therefore, it is reasonable to conjecture that Pc-ChiD, with its significant chitinase activity, functions as a chitinase in P. chitonophagus cells. These results provide hints that help us predict the reaction mechanism of Pc-ChiD. The catalytic mechanism of Pc-ChiD may be understood in the same way as that proposed for Ra-ChiC (Supplementary data, Figure S8 ). However, the D566N/E572Q double mutant still retained a considerable level of activity (about 20%, Table II ). It may also be possible that this enzyme adopts a Grotthus-like mechanism, in which the nucleophilic water is activated by a remote amino acid via a series of solvent molecules. This mechanism was previously reported in the GH6-family cellulase (Koivula et al. 2002) and the GH124-family cellulase (Bras et al. 2011 ), but further experiments will be necessary to better understand the reaction of Pc-ChiD.
Proposed chitin chain binding
Finally, based on the structure of the putative substrate-binding domain, we propose the mode of chitin chain binding of Pc-ChiD. Aromatic residues are important for sugar-chain binding, having been observed in several ChBDs (Nakamura et al. 2008 ), cellulosebinding domains (Xu et al. 1995) and xylan-binding domains (Simpson et al. 1999; Bolam et al. 2001 ). The Pc-ChiD structures in complexes with ligands revealed that the two ligands are bound in a . Sequence alignment with the GH23 family chitinase. The names of species and GenBank accession numbers are described below. Pc-ChiD: chitinase from P. chitonophagus (LC121823) (Horiuchi et al. 2016) ; and Ra-ChiC: chitinase from Ralstonia sp. A-471 (AB445458) (Arimori et al. 2013 ). Sequences were aligned by the Dali server (Holm and Rosenstrom 2010) with slight modification and the figure was prepared by the program ESPript (Gouet et al. 1999) . The secondary structure of Pc-ChiD is shown above the sequences and colored as in Figure 1 . Identical and similar residues are indicated by white letters on red backgrounds and red letters, respectively. The active site residues and the proposed chitin chain binding residues are indicated by red and blue circles, respectively.
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straight line and the two aromatic side chains Trp391 and Tyr798 are located at an extension of this line (Figure 7 ). These residues may contribute to the binding with the long chitin chain. The straight positioning of the active site and the aromatic residues is characteristic of a processive exo-acting enzyme (Vaaje-Kolstad et al. 2013 ). However, the processive enzymes reported so far also contain deep active site pockets to accept the various directions of the protruding N-acetyl groups (Vaaje-Kolstad et al. 2013 ) and thus, it may be difficult for Pc-ChiD, whose pocket is shallow based on the structure analyses, to exert any processive functions. Trp391 is located in the putative substrate-binding domain, which is fixed with the C-terminal extension and Tyr798 is located in the Cterminal extension. These findings indicate that the specific Cterminal extension functions not only for structure rigidity of the protein but also for chitin chain binding. As described in our previous paper, homologs of Pc-ChiD are not widely distributed in nature and are not found even in other archaea. The most closely related homologs are found in various strains of Clostridium botulinum, a mesophilic anaerobic bacterium (Horiuchi et al. 2016) . Sequence alignment between Pc-ChiD and these homologs revealed that the four active site residues (Glu532, Asp566, Glu572 and His693) are completely conserved (Supplementary data, Figure S9 ), suggesting that they have the chitinase activities. Secondary-structure prediction (Drozdetskiy et al. 2015) showed that the regions corresponding to the putative substrate-binding domain in the homologs contain many β-strands and these regions may form the same fold. The homologs contain the C-terminal extensions (Supplementary data, Figure S9 ) and secondary structure prediction also shows the C-terminal α-helices. Therefore, the homologs may possess similar C-terminal helices that bridge the putative substrate-binding domains and the catalytic domains and contribute to the structure rigidity. However, the proposed chitin chain binding residues Trp391 and Tyr798 are not conserved in the homologs (Supplementary data, Figure S9 ). Moreover, the amino acid sequences of ChBD1 and ChBD2, whose structures were not determined in this paper, are not similar to those in the homologs, and the six tryptophan residues, which are important for ligand binding in ChBD1 and ChBD2 (Horiuchi et al. 2016) , are hardly conserved (Supplementary data, Figure S9 ). These results suggest that the homologs may adopt a chitin chain binding mechanism completely different from that of Pc-ChiD.
In summary, we determined the first crystal structures of PcChiD, both in ligand-free form and in complexes with substrates. This enzyme contains the putative substrate-binding domain, which cannot be predicted from the amino acid sequence, and the catalytic domain showing structural homology to chitinases of the GH23 family. Based on the ligand-binding mode, we specified several catalytic residues and predicted the reaction mechanism of Pc-ChiD; the results of our prediction were supported by mutagenesis analyses. In addition, the specific C-terminal extension was found to be important for fixing the putative substrate-binding domain near the catalytic domain, contributing to both the structural stability and long chitin chain binding. Our findings reveal the unique characteristics of an archaeal chitinase, whose high thermostability is very promising for industrial use. Further studies using long-chain chitin substrates or the full-length Pc-ChiD, which shows even higher thermostability (Horiuchi et al. 2016) , will be important for the future applications of this enzyme.
Materials and Methods
DNA manipulation
pET-Pc-ChiD(ΔBD), an expression vector for Pc-ChiD(ΔBD) (Horiuchi et al. 2016) , was used as a template to construct expression vectors for the mutant proteins (E532Q, D566N, E572Q, H693S and D566N/E572Q). The expression vector for E532Q was constructed by amplifying the entire pET-Pc-ChiD(ΔBD) with the primer set E532Q_F1/E532Q_R1, and the amplified fragment was self-ligated. The same method was used to make the expression vectors for D566N, E572Q and H693S using the primer sets D566N_F1/D566N_R1, E572Q_F1/E572Q_R1, and H693S_F1/ H693S_R1, respectively. In order to make an expression vector for the D566N/E572Q, the expression vector for D566N was used as a template and was amplified with the primer set E572Q_F1/D566N-E572Q_R1. Nucleotide sequences of all plasmids were confirmed to ensure the absence of any unintended mutations in the coding region of Pc-ChiD(ΔBD). Sequence information for all the primers used in this study is listed in Supplementary data, Table SII .
Gene expression and protein purification
For the expression of Pc-ChiD(ΔBD) and its mutant proteins, plasmids were introduced into Escherichia coli Rosetta2(DE3)pLysS (Novagen, Madison, WI) , and the target proteins were overexpressed with isopropyl 1-thio-β-galactopyranoside. Cells were harvested by centrifugation and were resuspended in buffer A (50 mM Tris-HCl, pH 7.6). The suspension was sonicated on ice. After sonication, the soluble fraction was heat-treated for 15 min at 80°C. The solution was applied to a Resource Q anion exchange column (GE Healthcare, Chicago, IL) and the target protein was eluted using a gradient of 0-1 M NaCl in buffer A at 20°C. The fraction was applied to a Resource ISO column (GE Healthcare) and the target protein was eluted using a gradient of 1.5-0 M (NH 4 ) 2 SO 4 in buffer A at 20°C. The solution was applied to a Superdex 200 10/ 300 GL gel filtration column (GE Healthcare) with a mobile phase of buffer containing 50 mM Tris-HCl (pH 7.6) and 150 mM NaCl at 20°C. For substrate-complex crystallization at 35°C, the sample was applied to a Mono Q anion exchange column (GE Healthcare) instead of the gel filtration column, and the target protein was eluted using the same gradient as used for the Resource Q column at 20°C. The final purity of the fraction was tested by SDS-PAGE and Native-PAGE.
Crystallization, X-ray data collection and structure determination
The protein solution was buffer-exchanged into 50 mM Tris-HCl (pH 7.6) and 150 mM NaCl, and concentrated to 10 mg/mL. Crystallization attempts were performed using the hanging-drop vapor-diffusion method (ligand-free crystals and substrate-complex crystals at 35°C) and the sitting-drop vapor-diffusion method with a rotary shaker to shake the plates (substrate-complex crystals at 20°C). Mixtures of the protein solution and the reservoir solution in ratios of 1 μl: 1 μl were equilibrated against a 500-μl reservoir solution. The ligand-free crystals were obtained using a reservoir solution containing 100 mM MES monohydrate (pH 6.5), 180 mM CoCl 2 and 1.44 M (NH 4 ) 2 SO 4 to dimensions of 0.8 × 0.03 × 0.03 mm within 2 weeks at 20°C. The substrate-complex crystals were prepared by the co-crystallization method. The protein solution was reacted with 7.9-9.5 mM (GlcNAc) 3 for a few hours at 20°C. The substrate-complex crystals were obtained using a reservoir solution containing 100 mM Tris-HCl (pH 8.5) and 1. [v/v] glycerol), respectively. They were then mounted in a loop and flashcooled in an N 2 gas stream at −178°C. Diffraction data were collected using synchrotron radiation at the Photon Factory (PF) (BL1A with a Pilatus 2M-F detector) and SPring-8 (BL41XU with a Pilatus 2M-F detector), and also using Cu-Kα radiation from a rotating anode generator with an RAXIS-VII imaging plate detector. All datasets were processed and scaled using the programs DENZO and SCALEPACK from the HKL2000 package (Otwinowski and Minor 1997) . The crystal structure of the substrate-complex (P6 3 ) was solved by the single isomorphous replacement method using the programs SOLVE (Terwilliger and Berendzen 1999) and RESOLVE (Terwilliger 2000) . The initial model was built with the program PHENIX (Adams et al. 2010) and the manual modeling was performed using the program COOT (Emsley and Cowtan 2004) . The ligand-free and substrate-complex P2 1 2 1 2 1 structures were solved by the molecular replacement method using the substrate-complex P6 3 structure as a search model. The structures were refined using the program PHENIX and validated with the program MolProbity (Davis et al. 2007; Chen et al. 2010) . Superposition of the structures was performed using the program COOT on the basis of secondary-structure matching. 
Enzymatic assay
Chitinase activities of Pc-ChiD(ΔBD) and its mutants were measured basically as described elsewhere (Horiuchi et al. 2016) . Swollen chitin was used as the substrate (final concentration, 0.2% [w/v] ) and assays were performed at 85°C in 50 mM sodium phosphate (pH 5.0). For activity measurement, three reaction times (1, 5 and 10 min) were employed for each enzyme, and for each reaction time, three measurements were conducted. Reactions were terminated by cooling samples on ice, and the amount of reducing sugar generated was measured by the Schales procedure, using GlcNAc as the standard. The increase in the GlcNAc concentration per minute was calculated with its standard deviation.
Data deposition
Atomic coordinates and structure factors were deposited in the Protein Data Bank (http://www.pdb.org) under accession numbers 5XSV (ligand-free form), 5XSW (substrate-complex form in P6 3 ) and 5XSX (substrate-complex form in P2 1 2 1 2 1 ), respectively.
Supplementary data
Supplementary data is available at Glycobiology online. 
